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ABSTRACT 


Laboratory test data on four skew slab-bridge models of re- 
inforced concrete are reported herein. Three of the models had 
45-deg angles of skew, and were half-scale, with span lengths 
normal to the abutments of 9 ft 9 in. The fourth model had a 
60-deg angle of skew, and was fifth-scale, with a normal span 
length of 5 ft 1054 in. The amount and arrangement of steel 
reinforcement varied from bridge to bridge. All bridges were of 
two-lane capacity, had integrally cast curbs, and were designed 
for H-20 highway truck loading. 


The purposes of the tests were: (1) to compare the actual 
behavior of the bridges with the behavior as predicted by the 
theory of isotropic slabs and (2) to observe conditions at and 
near ultimate loads — in particular, the manner of cracking of 
the concrete and yielding of the reinforcement, crushing of the 
concrete, and magnitudes of loads at initial yielding and at 
ultimate capacity. 


The principal findings are five. (1) The theory and experi- 
ments are in good qualitative agreement for bridges in both 
uncracked and cracked conditions. (2) The quantitative agree- 
ment of the theoretical and measured strains is fair for un- 
cracked structures, poor for cracked structures; however, only 
a rather crude application of the theory is used herein, mainly 
for purposes of comparisons of experimental results. (8) The 
effects of varying amounts and arrangements of reinforcement 
on the distribution and relative magnitudes of strain are 
detectable and can, in the main, be qualitatively explained. 
(4) Initial failure in the 45-deg skew bridges appears as yielding 
of the bottom spanwise steel at the center of the slabs and, in 
the 60-deg skew bridges, as yielding of the top transverse slab 
steel in an obtuse corner of the bridge. (5) Ultimate loads range 
from 114 to 214 times the loads at initial failure. 
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I. INTRODUCTION 


1. Object and Scope of Investigation 

This bulletin reports information on skew slab-bridges ob- 
tained from laboratory tests and mathematical analyses. It 
forms a part of the work of the investigation of reinforced con- 
crete slabs subjected to highway loads which has been under 
way since 1936. 

Right slab-bridges having integral curbs have been treated 
in Bulletins 315! and 346? of the Engineering Experiment Sta- 
tion. In Bulletin 315 the ordinary theory of flexure of slabs was 
applied to the calculation of coefficients of bending moment at 
various points in a bridge due to uniform, concentrated, or 
highway truck loads. The results of laboratory tests and a pro- 
posed design method for this type of bridge were given in 
Bulletin 346. 

Two bulletins dealing with skew slab-bridges having integral 
curbs have been published previously in connection with the slab 
investigation. Blulletin 332% described a difference equation pro- 
cedure for solving the equations of the ordinary theory of 
flexure; upon this theory all subsequent University of Illinois 
mathematical analyses of skew slab-bridges have been based. 

Bulletin 369% dealt with the application of the difference 
equation procedure to the calculation of design moment co- 
efficients for a range of sizes of skew slab-bridges in which curb 
dimensions and working stresses have approximately constant 
values. Variations of the theoretical design moment coefficients 
with respect to bridge dimensions were shown, and the moment 
coefficients obtained were compared to corresponding values 
for similar right bridges. 

The immediate objects of the investigation reported herein 
are as follows: 

(1) To ascertain the nature and magnitude of the agree- 
ment or the discrepancies between the theoretical and actual 
structural responses (i.e., strains) to highway loading of re- 


1V. P. Jensen, “Moments in Simple Span Bridge Slabs with Stiffened Edges,’’ Univ. 
of Ill. Eng. Exp. Sta. Bul. 315. 1939. 

*V.P. Jensen, R. W. Kluge, and C. B. Williams, Jr., “Highway Slab-Bridges with 
Curbs. Laboratory Tests and Proposed Design Method,” Univ. of Ill. Eng. Exp. Sta. Bul. 
346. 1943. 

¥V. P. Jensen, “Analyses of Skew Slabs,” Univ. of Ill. Eng. Exp. Sta. Bul. 332. 1941. 

4V. P. Jensen and J. W. Allen, “Studies of Highway Skew Slab-Bridges with Curbs. 
Part I: Results of Analyses,” Univ. of Ill. Eng. Exp. Sta. Bul. 369. 1947. 
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inforced concrete skew slab-bridges having a certain practical 
range of dimensions. 

(2) To observe conditions at stages in the action of the 
bridges to which the theory does not apply; e.g., conditions at 
and near ultimate loads. 

(3) To investigate the relative effectiveness of different 
ways of arranging the reinforcing steel in a skew slab-bridge. 

To these ends, laboratory tests have been performed on 
three 45-deg, half-scale models, and on one 60-deg, fifth-scale 
model of reinforced concrete, and the results compared with one 
another and with theoretical values. 

Insofar as structural strength is a criterion, comparisons 
between theory and test can be made only by comparison of 
theoretical and actual strains. The theoretical strains reflect all 
the inadequacies of the mathematical analysis for bending 
moments plus the additional errors involved in whatever means 
is used to compute the relation between bending moment and 
strain in reinforced concrete. A study of the test results in 
the light of the theory will indicate both the strong and weak 
characteristics of the theory, and will provide data on phenomena 
with which the usual analysis cannot deal. The ultimate object 
of this investigation is, of course, to develop a sound design 
procedure which will be as simple as reasonable attention to the 
theory and test results will permit. 

To devise a practicable analysis for bending moments by 
difference equations requires the use of several simplifying 
assumptions; the procedure is equivalent to the analysis of a 
structure somewhat different from the actual structure. The 
major assumptions are three: 

(1) The structure is elastic, homogeneous, and isotropic. 

(2) The curb exerts only vertical forces on the slab. 

(3) The complete deflection pattern of the structure may be 
defined in terms of deflections at a finite number of 
points. 

The first assumption arbitrarily excludes the effects of reinforce- 
ment, concrete cracking in tension, and the variations of material 
properties from point to point and with magnitude of strain. 
The second excludes the effect of a portion of the slab adjacent 
to the curb acting with the curb as a monolith to resist bending 
and torsion. The third assumption introduces appreciable error 
only in regions of the structure where the curvature of the 
deflection surface varies sharply from point to point. 
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All prototype bridges considered in this bulletin are of 
two-lane capacity. Full-scale span lengths measured normal to the 
abutments range up to about 30 ft. Skew angles range up to 
60 deg. Live load magnitudes, impact allowances, wheel spacings, 
and clearances are in accord with the AASHO H-20 truck 
loading’, except that the 30 percent upper limit on the impact 
factor was not considered?, and minimum clearance between 
centerline of curb and centerline of wheel was taken as 2 ft. 


2. Acknowledgment 
This bulletin forms a part of the work of the Reinforced 
Concrete Slab Investigation in the Engineering Experiment 
Station of the University of Illinois. The investigation is spon- 
sored jointly by the Division of Highways of the State of 
Illinois, the Bureau of Public Roads of the U. S. Department of 
Commerce, and the University of Illinois. Guidance of the pro- 
gram of the investigation is given by the following Advisory 
Committee. 
Representing the Bureau of Public Roads: 
E. F. KELLEY, Chief, Physical Research Branch 
RAYMOND ARCHIBALD, Chairman, Bridge Committee, 
American Association of State Highway Officials 
E. L. ERICKSON, Chief, Bridge Branch. 
Representing the Illinois Division of Highways: 
G. F. BurcH, Bridge Engineer 
L. E. PHILBROOK, Assistant Bridge Engineer. 
Representing the University of Illinois: 
F. E. RICHART, Research Professor of Engineering 
Materials 
N. M. NEWMARK, Research Professor of Structural En- 
gineering. 
Consultants to the Committee, from the University of 
Illinois: 
W. M. WILSON, Research Professor of Structural Engi- 
neering Emeritus 
T. C. SHEDD, Professor of Structural Engineering. 
The program of the investigation is under the general 
direction of Professors Richart and Newmark. This bulletin 
represents the efforts of several members and former members 


1For definition, see “Standard Specifications for Highway Bridges,” 4th Ed., 1944, 
American Association of State Highway Officials. 

2The present specifications (1949 edition) limit the maximum impact allowance to 30 
percent, but originally the impact fraction J as determined by the formula J = 50/(L + 125), 
where J is the span of the bridge in feet, was used without any limit. 
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of the staff of the slab investigation. The testing of the first 
two 45-deg skew bridges was done by K. C. Lowe, former 
Special Research Assistant, under the direction of R. W. Kluge, 
former Special Research Assistant Professor of Theoretical and 
Applied Mechanics. Testing of the third 45-deg skew bridge was 
done under the direction of C. P. Siess. Studies of the 60-deg 
skew bridge were made by L. E. Goodman as a thesis' under 
the direction of V. P. Jensen, former Research Associate Pro- 
fessor of Theoretical and Applied Mechanics. Mr. Goodman was 
assisted by W. J. Austin, former Special Research Graduate 
Assistant. 

Correlation of information from the various sources, and 
the general form of the presentation were contributed by M. L. 
Gossard, with the assistance of C. P. Siess and N. M. Newmark. 
Grateful acknowledgment is made to Professor Richart for ad- 
vice and guidance in the planning and conduct of the tests. 


3. Outline of Tests 


Four model bridges were tested: three of one-half scale 
and one of one-fifth scale. The three one-half scale bridges had 
exactly the same dimensions and the same 45-deg angle of skew. 
They differed only in the amount of reinforcement in the curbs, 
and in the amount and direction of the spanwise reinforcement 
in the slab. In two of the bridges this slab reinforcement ex- 
tended in the skew direction parallel to the curbs; in the other 
bridge it was placed perpendicular to the supports. The one- 
fifth scale bridge, with an angle of skew of 60 deg, was included 
in the test program so that the effects of such a large angle 
could be studied. All specimens represented two-lane highway 
bridges. 

Approximately the same tests were performed on all four 
of the model bridges. They were first tested in their uncracked 
condition, since at this stage the structures most nearly con- 
form to the homogeneous and elastic condition assumed in the 
theory. Next, the slabs of the bridges were systematically 
cracked by the application at various locations of a pair of 
loads representing the rear wheels of a truck. By this procedure 
the bridges were reduced to a cracked condition which is 
believed to be more nearly representative of probable conditions 
in comparable structures in service. 

1. E. Goodman, “Tests of a Skew Slab-Bridge,”’ thesis submitted in partial fulfill- 


ment of the requirements for the degree of Master of Science in Civil Engineering in the 
Graduate School of the University of Illinois, 1942. 
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In the other tests the greatest attention was paid to 
measurements of strain at the center of the slab and at midspan 
of the curb, since the stresses governing design usually are found 
at those positions. An exception is the 60-deg skew bridge, for 
which strains at other locations were found to be critical and 
were therefore given considerable attention. Influence ordinates 
for strains at these critical locations were obtained by placing 
a pair of loads representative of a truck axle at various locations 
on the specimens. Tests were then made with simulated truck 
loadings so placed as to produce maximum effects at the desired 
locations, and strains were measured for increasing magnitudes 
of these loads. Strains corresponding to those produced by the 
additional dead load of full scale bridges were also measured. 
The final test was a test to failure under a distributed load, 
representing the additional dead load, and a group of concen- 
trated loads, corresponding to the live load. Usually, tests to 
failure were made first with the concentrated loads placed to 
produce failure of the slab, and then a second test was made 
with the loads placed so as to produce failure of a curb. 


4, Nomenclature 


@ = normal span length, center to center of bearing surfaces. 
b = width, center to center of curbs. 
E- = modulus of elasticity of concrete. 
EF; = modulus of elasticity of steel. 
h = thickness of slab. 
Teurb = moment of inertia of the gross area of curb section, neglect- 
ing the reinforcement, about its horizontal centroidal axis. 
P = rear wheel load of truck, including impact allowance. 
p = dead load per unit area of slab. 
q = dead load per unit length of curb. 
Eh ‘ ve ‘ 
N = = = measure of flexural stiffness of elements of the 
12(1 — p?) 
slab. In this bulletin, » (Poisson’s ratio) is assumed to be 0.2. 
b/a = width-span ratio. 
n = H;/E- = steel-concrete modular ratio. 


El curb F ; 
H = —— = curb-slab stiffness ratio. 
aN 
y = angle of skew, measured between centerline of roadway and 


a line normal to the abutments. 


5. Definition of Terms 


The normal span direction is the direction perpendicular to 
the abutments of the bridge. 
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The skew span direction is the direction parallel with the 
traffic lanes. 


The transverse direction is the direction parallel with the 
abutments of the bridge. 

The angle of skew is the acute angle between the normal 
span direction and the skew span direction. 

The junction of curb and slab is considered to be at the 
plane passing vertically through the line of intersection of the 
upper surface of the slab and the inside face of the curb. This 
is a rather artificial concept, since the curb and slab always 
interact as one structural member. The definition is used to 
conform to the procedure reported by Jensen in Bulletin 346. 


One live load is the standard H-20 vehicular loading, includ- 
ing the impact allowance’. 

The model bridges are designated as follows: M45-1, M45-2, 
and M45-3 for the 45-deg skew bridges, and M60-1 for the 
60-deg skew bridge. 


1This loading consists of a 82,000-lb rear axle and an 8,000-lb front axle, spaced 
14 ft apart, and with wheels on each axle spaced 6 ft center to center. The designation H-20 
is that used in the “Standard Specifications for Highway Bridges,’’ American Association 
of State Highway Officials, third edition, 1941. In the 1944 and 1949 editions, this loading 
is designated H 20-44, 
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II. DESCRIPTION OF TEST SPECIMENS AND APPARATUS 


6. Description of Prototype Structures 

The full-scale protype bridges considered herein carry two 
lanes of H-20 truck traffic. The 45-deg skew bridges have a 
normal span of 19 ft 6 in., roadway clear width of 26 ft, overall 
thickness of slab of 13 in., overall depth of curb of 25 in., and 
average width of curb of about 18 in. The 60-deg skew bridge 
has a normal effective span of 29 ft 5 in., roadway clear width 
of 24 ft, overall thickness of slab of 221% in., overall depth of 
curb of 35 in., and width of curb of 18 in. Side-railings and 
roadway wearing surface are not present. Construction is en- 
tirely of reinforced concrete, with curbs and slab cast integrally. 
Figures la, 2a, 3a, and 4a, showing details of the model bridges 
used in the laboratory, give a picture of the shape and arrange- 
ment of the prototype bridges. Table 1 gives a summary of 
dimensions and loads for model and prototype bridges. 


7. Design of Model Structures 

Since the prototypes and models are constructed of the same 
materials, two approaches tu :ne design of the models are pos- 
sible. In one method, the full-scale bridge is designed first and 
the model is then designed by multiplying all linear dimensions 
of the prototype by the scale factor of the model. In the other 
method, which was generally used here, the model is designed 
directly, using loads reduced from the full-scale loads according 
to the scale factor and the relations of similarity. The latter 
method is preferable in designing the curbs, since the limitations 
of available reinforcing bar sizes and of space in the curbs do not 
always permit a proper design by the first method. The first 
method is as good as the second for designing the slab inasmuch 
as the spacing of reinforcement may be easily adjusted to over- 
come any deficiency in the availability of bar sizes. 

The overall dimensions of a curb are dictated mainly by the 
requirements of safety and appearance. Therefore, the design 
of a curb consists of proportioning the reinforcement in the 
available space is such a way that the curb is not overstressed. 
Limitations are usually not imposed on the thickness of slab 
and it may be proportioned in the manner most suitable to the 
loads and selected working stresses. 

It seems unnecessary to give here the details of the design 
calculations and even the basic tenets underlying the calculations. 
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TABLE 1 


SUMMARY OF DIMENSIONS AND LOADS 
FOR MODEL AND PROTOTYPE BRIDGES 


Models Prototypes Model Prototype 
Bridge No. M45-1, -2, -3 | P45-1, -2, -3 M60-1 P60-1 
Seale of Bridge, & ee 1 sc aime Galea 

Dimensions 
Width, ec. to ¢. curb, b, ft 13.75 27.50 5.10 25.50 
Normal Span, a, ft 9.75 19.50 5.88 29.42 
Slab Thickness, h, in. 6.5 13.0 4.5 22.5 
Angle of Skew, ¢ deg 45. 45. 60. 60. 
Width-Span Ratio, b/a 1.410 1.410 0.866 0.866 
Slab Thickness-Span Ratio, h/a 0.0555 0.0555 0.0637 0.0637 
Curb-Slab Stiffness Ratio, H 0.553 0.553 0.184 0.184 
Leads 

Rear Wheel Load plus Impact, P, lb 5375 21500 848 21200 
Actual Slab Dead Load, lb/ft? 81.5 163 56.4 282 
Added Slab Dead Load, lb/ft? 81.5 a 225.6 —— 
Total Slab Dead Load, », !b/ft? 163.0 163 282.0 282 
Actual Curb Dead Load, lb/ft 120.5 482 26.2 655 
Added Curb Dead Load, lb/ft 120.5 104.8 
Total Curb Dead Load, gq, lb/ft 241.0 482 131.0 655 


Note: The following relations between loads on the model and on the prototype are 
required by the conditicns of similarity in order to produce equal stresses in 
the two structures: If the linear dimensions of the model are k times those 
of the prototype, then (1) concentrated loads, such as wheel loads, should be k* 
as large for the model as for the prototype; (2) loads distributed over a length, 
such as the dead load of the curb, should be k times as large for the mode] as 
for the prototype, and (3) loads distributed over an area, such as the dead 
load of the slab, should be equal for the model and prototype. 


It suffices to say that design was carried out more or less 
rationally on the basis of knowledge gained from experiments 
and analyses performed on slab-bridges prior to the experiments 
reported herein. However, since there was some variation in 
philosophy of design from bridge to bridge, it is desirable to 
summarize the various approaches. 


Bridges with 45-deg Skew.— Working stresses for the 
45-deg skew bridges were 1,200 p.s.i. for concrete and 20,000 
p.s.i. for steel, with a modular ratio of 8. Critical design moments 
for the slab were considered to be the maximum principal 
moments at the center of the bridge. Studies' have shown the 
direction of the greatest principal moment to be nearly in the 
normal spanwise direction but inclined slightly toward the 
skew spanwise direction by amounts increasing with the angle 
of skew. 


ISee Bul. 369, Tables 2 and 3, and Fig. 7. 
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Fic. 2. DIMENSIONS AND LOCATIONS OF GAGE LINES FOR MODEL 
BripGE M45-2. 


Figures la, 2a, and 3a show design details of the 45-deg 


skew bridges. é 
The slab of Bridge M45-1 was designed for the maximum 


moment in the comparative right bridge’ (the comparative right _ 


Data on right slab_bridges were taken from Bul. 315. 
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Fic. 3. DIMENSIONS AND LOCATIONS OF GAGE LINES FoR MopEL 
Brinch M45-3. 


bridge being one of dimensions identical with those of the skew 
bridge except for angle of skew, which is zero). The slab main 
reinforcement was placed parallel with the curbs, in which 
direction its effectiveness in resisting moment normal to the 
abutments was considered to be equal to cos® », or 50 percent 
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for y—45 deg. Hence the area of bars was made equal to twice 
the area which would have been required had the bars been 
placed in the normal spanwise direction. Since the length of 
the curb in the 45-deg skew bridge is v2 times the normal 
span length, maximum moment in the curb was considered to be 
twice that in the comparative right bridge, the assumption being 
made that moment in the curb varies as the square of the span 
of the curb. Longitudinal reinforcement in the curb was pro- 
portioned accordingly. 

The slab of Bridge M45-2 was also designed for the maxi- 
mum moment in the comparative right bridge, but the main re- 
inforcement was placed in the normal spanwise direction. Hence 
the area of steel required to resist the design moment was 
used without increase. The reinforcement required in the curb 
to resist the moment in the curb of the comparative right bridge 
also was used without increase, based on data in Bulletin 332, 
especially pages 101-103. 

The main reinforcement in the slab for Bridge M45-3 was 
placed parallel with the curbs, as in Bridge M45-1. The bars were 
of the same dimensions as in Bridge M45-1 but the spacing was 
arbitrarily made twice as great. Longitudinal reinforcement in 
the curbs of Bridge M45-3 was designed to resist a moment 
10 percent greater than that in the comparative right bridge’. 

The transverse reinforcement in the slab for all the 45-deg 
skew bridges was designed to resist the maximum transverse 
moment in the comparative right bridge. This resulted in a 
steel area ratio of 0.38 percent, in terms of the effective concrete 
area above the reinforcement. The upper slab reinforcement was 
considered to serve mainly as skrinkage steel, and was put in 
at 0.04 and 0.08 percent in the spanwise and transverse direc- 
tions, respectively. Web reinforcement in the curbs was not 
rationally designed, but was provided arbitrarily by bending up 
slab bars into the curbs and adding single stirrups, as shown 
on Figs: I,-2, and: 3. 

Thus, the 45-deg bridges exhibit variety in the amounts 
and arrangements of reinforcement while having the same 
overall dimensions. % 

1This increase is approximate, but is considered more exact than calculations made 


for the curbs of the other 45-deg skew bridges. It is based on data given in Bulletins 
332 and 369. 
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Bridge with 60-deg Skew. — Working stresses for the 60-deg 
bridge were 1,000 p.s.i. for concrete and 20,000 p.s.i. for steel, 
with a modular ratio of 8. The allowable concrete stress of 
1,000 p.s.i. is different from the value of 1,200 p.s.i. used in the 
design of the 45-deg skew bridges. This lack of consistency 
results from the circumstance that the 45- and 60-deg skew 
bridges were designed and tested at different times and were not 
originally intended to form part of the same series. Critical 
design moments for the slab were considered to be the principal 
moments at the center of the bridge for live load placed to 
produce maximum positive moment. Information on maximum 
principal moments was obtained from the work of Allen’ which 
was later incorporated in Bulletin 369. 

Figure 4a shows design details of the 60-deg skew bridge. 
Although the design of the slab was guided by the information 
given by Allen, other factors which were known to be of some 
importance were also considered. For example, the live load 
moments acting across a section through the bridge between the 
obtuse corners may become of the same order of magnitude both 
positively and negatively in bridges with a high degree of skew’. 
Also, it seems reasonable that moments in the neighborhood 
of an acute corner of a highly skewed bridge must be quite small 
in comparison with those in other regions. 

With the foregoing information and considerations in mind, 
the slab reinforcement was placed in the normal spanwise and 
transverse directions, the deviation of the directions of the 
principal moments from these directions having been disre- 
garded. Furthermore, the top transverse reinforcement was 
made heavier in relation to the bottom transverse reinforcement 
than was the case for the 45-deg skew bridges. Also, the lower 
spanwise reinforcement was made lighter in the acute corners 
than in the central region. 

The curb reinforcement for the 60-deg skew bridge was 
designed to resist the maximum skew-bridge curb moment given 
by Jensen and Allen’. Web reinforcement in the curbs was pro- 
vided in the same manner as for the 45-deg skew bridges. 


1J. W. Allen, “Analysis of Skew Slabs with Curbs.” Thesis submitted in partial ful- 
fillment of the requirements for the degree of Master of Science in Theoretical and Applied 
Mechanies in the Graduate School of the University of Illinois, 1941. 

2Some feeling for this effect may be had from a study of Table 3 (Columns 7 and 8) 
and Fig. 39 of Bul. 369. 

‘Bulletin 369, Tables 2 and 3. 
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Fic. 4. DIMENSIONS AND LOCATIONS OF GAGE LINES FOR MODEL 
BripGE M60-1. 


8. Construction of Model Structures 

Formwork was built directly over the two concrete piers 
which served as supports for the bridges. A layer of building 
paper was laid on the bearing surface of each abutment to re- 
ceive the concrete of the slab. Figures 5, 6, 7, and 8 show the 
general arrangement of formwork and reinforcement for the 
four bridges. . 

All reinforcing steel was cut to length and bent by laboratory 
personnel. The bars for the slabs were held in place by chairs 
and spacers, and the bars were wired together at frequent 
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Fics. 5 and 6. REINFORCEMENT AND FORMWorRK; BriIpGE M45-1 (ABOVE), 
BRIDGE M45-2 (BELOW). 


intervals. Lower slab bars were bent up along the outer faces 
of the curbs to form shear reinforcement in the curb and serve 
as supports to which the longitudinal curb bars were wired. 
Stirrups were added at the inner faces of the curbs. All span- 
wise bars except the top slab bars were provided with a standard 
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: 


Fics. 7 and 8. REINFORCEMENT AND FoRMWORK; BriIpGE M45-3 (ABOVE), 
BripGe M60-1 (BELOW). 
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hook at the ends. A photograph of typical details of reinforce- 
ment is shown in Fig. 9. Dimensions of the reinforcement for the 
four bridges are given in Figs. la, 2a, 3a, and 4a. 


Concrete was cast as follows: Because of the small clear- 
ances between lower steel and the forms, it was necessary to 
place a layer of special concrete beneath and around the lower 
steel. This special layer had a pea-gravel aggregate of 14 in. 
maximum size for the 45-deg skew bridges, and consisted of a 
mortar for the 60-deg skew bridge. The slab concrete of regular 


Fig. 9. DETAILS OF REINFORCEMENT, BRIDGE M45-2. 


mix was then placed with a bottom-opening bucket carried by 
an overhead crane. The curb concrete was brought to the level 
of the upper surface of the slab during this operation. The slab 
was struck off immediately with a straight-edge, the inside curb 
forms were put in place, and the rest of the curbs cast. All 
concrete was vibrated into place with a small laboratory-type 
internal vibrator, care being taken to obtain good bond between 
the upper portion of the curb and the slab. 

After sufficient set had taken place, the inner curb forms 
were removed, the top surfaces of the bridge were smoothed 
with a steel trowel and the top of the bridge was covered with 
wet burlap. The burlap was kept wet for a period of 7 days, 
following which the burlap and forms were removed. The 60-deg 
skew bridge was then painted with two coats of white traffic 
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lacquer, but no such treatment was given the 45-deg skew 
bridges. None of the bridges was tested before at least an addi- 
tional 21-day curing period in air had been allowed after strip- 
ping of the forms. 


9. Lifting of Bridges at Corners 

To gain some notion of the effects of concrete shrinkage, 
records were taken of the vertical movements of the corners of 
Bridges M-45-3 and M60-1. Ames dial gages were attached to 
the outside faces of the curbs at each of the four corners of the 
bridge and the dial stems made to bear on steel plates cemented 
to the piers. The gages were attached soon after the forms were 
stripped. 

Readings on Bridge M45-3 were taken at intervals of about 
1 day up to the age of 72 days, when loads were first applied. 
They showed a rather rapid initial rate of lifting at the acute 
corners, the rate decreasing gradually with time until a maxi- 
mum lift of about 0.015 in. was reached at the age of 50 days. 
The obtuse corners moved downward (by virtue of compression 
in the building paper between the slab and the piers) in about 
the same fashion as the acute corners moved upward. At an 
age of 20 days the downward movement had reached a prac- 
tically constant value of about 0.006 in. 

This warping of the bridge can be attributed to the dif- 
ference in reinforcement between the upper and lower portions 
of the bridge and to the skew. The lighter reinforcement in the 
top permits greater shrinkage strains in the top than in the 
bottom and the curvatures thus induced result in greater move- 
ments at the acute corners than at the obtuse corners because 
of the difference in distances between the diagonally opposite 
pairs of corners. 

Similar measurements were made on Bridge M60-1, but 
in this case the protection against loss of moisture provided by 
the coating of traffic lacquer was sufficient to prevent any 
observable warping or shrinkage. 


10. Materials of Construction 

The concrete used in the 45-deg skew bridges was made of 
standard Portland cement, Wabash River torpedo sand, and 
washed gravel with a maximum size of 1 in. It was mixed in 
proportions of 1:3.75:4.25 by weight, and a water-cement ratio 
of 1.13 by volume was used. 
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For tthe 60-deg skew bridge the materials were standard 
Portland cement, Wabash River torpedo sand, and a well graded 
pea gravel having a maximum size of 3% in., in the proportions 
of 1:3.5:3.5 by dry rodded volume. The water-cement ratio was 
1.15 by volume. 

Physical properties of the concrete and the reinforcing 
steel are given in Tables 2 and 3. It is of interest to compare the 
compressive strengths actually obtained with those correspond- 
ing to the allowable stresses assumed in the design of the bridges. 
The 45-deg skew bridges were all designed with an allowable 
compressive stress of 1200 p.s.i. This corresponds to an ultimate 


TABLE 2 


PHYSICAL PROPERTIES OF CONCRETE CONTROL CYLINDERS 
All eylinders 6 in. diameter by 12 in. 


Tnitial 
No. of Compressive Tangent Modular* 
Bridge Agein Cylinders Strength, Modulus of Ratio, 
No. ] 


Days Tested D.8.%- Elasticity, n=Es/Ec Curing Method 
Ec, p.s.i. (same as for bridges) 

M45-1 28 5 3760 3 750 000 8.0 

155 7 3770 3 900 000 U Ges | 
M45-2 28 7 3300 3 750 000 8.0 | 7 days under wet burlap, 

137 7 DATO? Ua brciet cies * air-dried thereafter 
M45-3 28 4 3300 3 365 000 8.9 

127 5 28400 Weenie tees. Ae 

28 4 3500 3 100 000 OT 7 days under wet burlap; 

M60-1 59 2 3800 3 240 000 9.3 then painted with two coats 

146 6 3960 3 000 000 10.0 traffic lacquer 


*£s=30,000,000 p.s.i. 


TABLE 3 


PHYSICAL PROPERTIES OF REINFORCING STEEL 


All reinforcing bars of intermediate or hard grade billet steel. Bars 
above 144” rd. deformed; %4” rd. bars plain. 


timate Percent Elongation 
Bridge Bar Size No. of Bars Yield Point, Strength, 
No. Tested p.8.1. P.8.t. in 8 in, in 2in. 
Wy" rd 3 50300 70700 18.6 
36" rd. 3 51500 79400 21.4 
M45-1 14a" rd. 3 46600 72800 22.7 
34" rd 3 48600 80000 hits 
yy" rd. 3 60000 82000 17.8 
x" rd. 4 51200 77100 21.9 
M45-2 3 "rds 9 57200 87800 20.4 
sds 4 49000 75600 22.3 
Yj" rd. 2 54250 86500 16.1 
M45-3 36" rd. 4 48900 74300 BATA 
44" rd. 9 45400 70500 22.9 
M60-1 "rd. 12 47200 69600 aah 29.5 
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Fic. 10. LoApING APPARATUS FOR INFLUENCE LINE TESTS, BRIDGE M45-1. 


Fic. 11. LoApING APPARATUS FOR LIVE-LOAD TESTS, BripGE M45-3. 
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Fic. 12. LoApING APPARATUS FOR LIVE-LOAD AND CAPACITY TESTS, BRIDGE 
M45-3 (Notre AppED DEAD LOAD). 


compressive strength at 28 days of 3,600 p.s.i. in accordance 
with the AASHO Specifications. The measured 28-day strength 
was slightly greater for M45-1 (3760 p.s.i.), and slightly less for 
M45-2 and M45-3 (3300 p.s.i.). Bridge M60-1, however, was 
designed on the basis of an allowable stress of 1000 p.s.i., which 
would correspond to a 28-day compressive strength of 3000 
p.s.i. The actual strength at 28 days (8500 p.s.i.) was about 
17 percent greater, as compared to the variation of only 6 or 7 
percent for the 45-deg skew bridges. 


11. Loading Apparatus 

Several views of the loading apparatus are afforded by 
Figs. 10, 11, and 12. Concentrated loads were applied to the 
bridges through an arrangement which consisted of a steel 
bent placed over the bridge and anchored to the laboratory 
floor, a screw or hydraulic jack, a ring dynamometer or cali- 
brated I-beam, a system of load-distributing beams, round steel 
disks and sponge rubber cushions. The load-distributing beams 
were used in applying simulated axle loads but were not 
necessary for applying a single concentrated load. 
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Fic. 18. DETERMINATION OF DIRECTIONS OF PRINCIPAL PLANES OF STRAIN, 
BripGE M60-1 IN UNCRACKED CONDITION (AXLE LOADS OF 4000 L8 EACH). 


Elastic-ring dynamometers of 10,000-lb, 20,000-lb, 50,000-lb, 
and 125,000-lb capacities were used to measure load, the choice 
depending mainly on the maximum load tto be applied. They 
were equipped with dial gages, and the complete units were 
calibrated before being used in the testing program. The high 
loads in the tests to failure of Bridges M45-1 and M45-2 were 
measured by means of the deflection of the upper load-distribut- 
ing beam. This beam was calibrated in a testing machine for 
loads up to 200,000-lb. 

The steel disks used to apply the individual “wheel” con- 
centrations were of two types. One type was a solid circular disk, 
714 in. in diameter for the half scale models and 3 in. in diameter 
for the fifth scale model. The other type was used on the 45-deg 
skew bridges where strains at points on the top of the slab 
directly beneath the load were to be measured. It was 6 in. in 
diameter so as to fit inside a ring of strain gage points, and 
was either split or grooved along a diameter so as to straddle 
the strain gage. 

Sponge rubber cushions were placed between all disks and 
the bridge to insure uniform distribution of the load. Except 
for the 6-in. disk, the disk diameters represent scale reductions 
of the area 15 in. in diameter over which wheel loads are assumed 
to be distributed in the prototype. Thus, the intensity of dis- 
tributed wheel load becomes the same in both model and 
prototype. 


12. Strain-Measuring Apparatus 

Strains were measured at thedocations shown in parts (b) 
and (c) of Figs. 1, 2, and 3, and in Figs. 4b and 138. Strains in 
each test were not measured at all locations shown, however. 


a Ge on 
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For the 45-deg skew bridges, concrete strains were measured 
over a 614-in. gage length by means of graphic strain gages’. 
Strains in the steel were measured with Berry strain gages 
having a 6-in. gage length, except for the slab of Bridge M45-1 
where a 614-in. gage length was used. 

All strains in Bridge M60-1 were measured over a 5-in. gage 
length with a Berry gage, except for one test in which directions 
of principal strain were determined from measurements taken 
with a Huggenberger Tensometer having a 2-in. gage length. 


Provision was made in the construction of the 45-deg skew 
bridges for exposing the steel at points where strain gages 
were to be applied. This was done by placing corks at such 
points and removing them after the forms were removed. The 
same procedure was used in Bridge M60-1 except that gage 
points on tthe upper steel were exposed by chipping out the 
concrete. 

The gages for measuring concrete strains were applied to 
brass plugs which were set in the concrete. In the 45-deg skew 
bridges the gages made contact with the plugs at a distance 
of 3% in. outside the concrete surface; in the 60-deg skew bridge, 
contact was made flush with the surface. 

1For a detailed description of this gage see F. E. Richart and R. W. Kluge. ‘Tests 


of Reinforced Concrete Slabs Subjected to Concentrated Loads,’”’ Univ. of Ill. Eng. Exp. 
Sta. Bul. 314, pp. 21-22, 1939. 
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III. DESCRIPTION OF LABORATORY TESTS 


13. Types and Purposes of Tests 


The first tests on all bridges were performed under con- 
ditions approximating as nearly as possible the assumptions of 
the theory of isotropic slabs. Nothing more than a comparison 
with the theory was intended in these tests. The bridges were 
kept in the uncracked condition, and strains were measured on 
the concrete only. 

The first tests on the 45-deg skew bridges consisted of 
determining influence lines for strains at selected points on 
the slabs and curbs. Concentrated loads were moved along the 
lines indicated in Figs. 1b, 2b, and 3b. In the 60-deg skew bridge, 
a determination of the directions of the principal strains was 
made for two pairs of loads placed to produce maximum moment 
at the center of the bridge. 

Following the tests on uncracked structures, the bridges 
were thoroughly cracked with a pair of loads, simulating a 
truck axle, placed successively at a number of positions. From 
this operation forward, interest was focused primarily on con- 
ditions likely to exist in a bridge in service. 

Next, in Bridges M45-1 and M45-2 experiments were made, 
as checks on theory, to determine the positions of live load (two 
axle loads) that would produce maximum strains at critical 
points. 

Dead-load tests on the cracked structures were then con- 
ducted. At several significant points in each bridge, measure- 
ments were made of the strains caused by uniformly distributed 
weights which were placed on the bridges. 

Live-load tests (next in order) were conducted for all 
bridges by applying simulated axle loads in the presence of 
uniformly distributed dead weight added to the bridges. The 
tests were performed in two ways. In the 45-deg skew bridges, 
live loads (two axle loads) were placed to produce maximum 
effect at each of several points considered to be critical and the 
magnitude of the live load was increased by increments up to 
stages below yielding of the steel, strains being measured for 
each increment of load. Such tests were intended to provide 
data on strains at relatively high loads, and to show the degree 
of linearity in the load-strain relationship. For the 60-deg skew 
bridge’, a procedure was used in Which a single axle load was 


1An exception in the order of testing occurred for Bridge M60-1. Live load tests were 
conducted just prior to dead load tests. : 
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moved over the bridge in four different traffic lanes while strains 
were measured at a large number of points. The axle load had 
a large and constant magnitude, but all strains in the steel were 
kept below the yield point. These tests were intended to explore 
the strain condition throughout the entire bridge under high 
loads in all probable positions. 

Final tests for all bridges were the capacity tests. Full 
dead load plus increasing live load (two pairs of loads represent- 
ing two axles) was applied until the bridge would carry no 
more load. Load-strain relations at critical points for the full 
range of loading were determined. Of particular interest were 
the manner of initial yielding of the steel and the appearance of 
the bridges at ultimate load. 


14. Tests on Uncracked Structures 

As stated previously, these tests consisted of the determina- 
tion of influence lines for strains in the 45-deg skew bridges, 
and a determination of principal directions of strain in the 
60-deg skew bridge. 

For Bridge M45-1 (see Fig. 1b) influence lines were obtained 
for concrete strains on top and bottom in the normal spanwise 
and transverse directions at Points 40 and 50 in the slab, and in 
the skew spanwise direction at Points 45 and 56 in the curb’. 
A concentrated load of 3500 Ib was placed successively at each 
of the grid points on Lines A-A and B-B for strains at Point 40, 
on Lines E-E and F-F for strains at Point 50, on Lines C-C and 
D-D for strains at Point 56, and on Lines E-E and G-G for 
strains at Point 45. 

For Bridge M45-2 (see Fig. 2b) influence lines were deter- 
mined for concrete strains on top and bottom in the normal 
spanwise direction only at Point 50 in the slab, and in the skew 
spanwise direction at Point 45 in the curb’. A concentrated load 
of 3500 lb was moved along Lines E-E and F-F for strains at 
Point 50, and along Lines E-E and G-G for strains at Point 45. 

For Bridge M45-3 (see Fig. 3b) influence lines were ob- 
tained for concrete strains on top and bottom in the normal 
spanwise and transverse directions at Points 40 and 50 in the 
slab and in the skew spanwise direction at Point 55 in the curb. 
A concentrated load of 3500 lb was moved along Lines A-A and 


1Actually, influence surfaces were obtained for strains in rosettes of four gage lines 
at Points 40 and 50, and for strains at Points 34, 45, 56 and 67. Only the influence lines 
enumerated are reported, however. 

2Actually, influence surfaces for these strains were obtained. 
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B-B for strains at Point 40, along Lines E-E and F-F for strains 
at Point 50, and along Lines E-E and G-G for strains at Point 55. 

The determination of planes of principal strains in Bridge 
M60-1 was made with two axle loads of 4000 lb each, placed 
as shown in Fig. 18. Strains were measured on the bottom of 
the slab at the center of the bridge. A rosette of four gage lines 
was used, the fourth gage serving as a check on the other three. 

All tests on uncracked structures were repeated at least 
once for each position of load. The averages of the gage readings 
are the only ones reported in this bulletin. 


ee SS 
RRC 


F:g. 14. Positions oF LOADS, CRACKING TESTS OF 45-DEG SKEW BRIDGES. 


15. Cracking of Test Structures 


The model structures were cracked with an axle load placed 
at a number of positions on the roadway surface. Figure 14 shows 
the positions used for the 45-deg skew bridges. An axle load 
of 40,000 lb was used for Bridges M45-1 and M45-2, 38,000 lb 
for Bridge M45-3, and an average of 17,000 lb for Bridge M60-1. 
These corresponded to about 334, 314, and 10 live loads, respec- 
tively. All cracking tests were performed with only the actual 
dead weights of the model bridges themselves acting, which 
accounts for the relatively high values of the axle loads required 
for thorough cracking. 

The magnitude of load necessary to produce cracking at 
critical positions was determined by applying an axle load 
gradually. Increasing magnitude of load was applied in position 
No. 9 (Fig. 14) for Bridges M45-1 and M45-2, and position No. 1 
for Bridge M45-3. The bottom of the slab in each case was 
carefully examined for cracks ; meanwhile, strains in the steel at 
the center of bridge were measured. For Bridge M60-1, an axle 
load of increasing magnitude was first applied in one of the in- 
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side lanes (see Fig. 4b) with one wheel at the center; then the 
load was shifted successively to each outer lane near midspan. 
Strains in the steel at center of bridge were measured and the 
cracking on both top and bottom was observed. 

A history of each cracking test was kept by mapping the 
crack patterns as loading progressed from one position to an- 
other and by marking the cracks on the structure while the 
bridge was under maximum load at each position. 

The cracking test on Bridge M45-3 included a study of resid- 
ual strains in the reinforcement. The first application of axle 
load, at position No. 1, was made in increments while strains 
in the steel at the center of bridge were measured. After having 
reached the maximum of 38,000 lb, the load was removed and 
strains were measured again. The load was then reapplied in 
increments to 38,000 lb and removed while strains were meas- 
ured. Twenty-four hours after the second cycle of loading, the 
load at position No. 1 was reapplied once more directly to 
38,000 lb, and removed while strains were measured for zero 
and maximum loads. 

Following the tests for position No. 1, one cycle of load 
was applied at each of the remaining fifteen positions, in incre- 
ments for position Nos. 2 through 10 and directly to 38,000 Ib 
at the last six positions. Strains were measured at beginning 
and end of each cycle of loading. 

In addition to the measurements of strain, deflections were 
measured at Points 45, 50, and 55, beginning with the applica- 
tion of load at position 6. 


16. Tests on Cracked Structures 

Positions of Live Loads to Produce Maximum Strains. — 
The first tests on the cracked structures of Bridges M45-1 and 
M45-2 consisted of experimental determinations of the positions 
of live loads which produce maximum strains at critical points. 
Such tests were not conducted for the other bridges. The results 
of these tests could be compared with calculations based on 
theoretically and experimentally determined influence surfaces. 

The general procedure for points on the slab was to place 
an axle load in a traffic lane with one wheel over the point being 
considered, with a second axle load parallel to the first and in a 
lane giving the minimum allowable clearance between wheels 
(2 ft in the half-scale models). For the curbs, the first axle 
load was placed on the line normal to the curb passing through 


36 ILLINOIS ENGINEERING EXPERIMENT STATION 


the point in question and in the lane giving a clearance of 2 ft 
(in the models) between the wheel and the center of the curb. 
The second axle load occupied a position in the lane giving a 2-ft 
clearance with the first lane. The second axle load in all cases 
was shifted to various positions in its lane while strains in the 
bottom steel and in the top concrete were measured at the point 
in question. 

Tests were carried out for Points 50, 40, 38, 45, and 56 in 
Bridge M45-1, and for Points 50, 45, and 56 in Bridge M45-2'. 


Dead-Load Tests. — Because of the type of strain-measuring 
equipment used, measurement of dead-load strains in the model 
bridges was not possible. The earliest that strain gages could be 
applied to the structure was after removal of the formwork, at 
which time strains due to dead weight of the model already 
existed. Actually, no attention was given dead-load strains until 
after the bridges had been thoroughly cracked. 

Fortunately, because of the scale relations, some notion of 
dead-load strains could be obtained and at the same time the 
bridges could be loaded so that the resultant strains would 
represent the true dead-load effect. 

As has been shown previously’, the conditions of similarity 
call for additions of dead load to the model. Therefore, an 
intensity of dead weight equal to that of the model itself was 
added to the half-scale models and an intensity equal to four 
times that of the model was added to the fifth-scale model. 
Strains measured in the dead-load tests were those due to 
addition of dead weight; hence they constituted only a fraction 
of the existing dead-load strains. 

The added dead weight consisted of concrete blocks and 
steel plates placed on slab and curbs as uniformly as possible 
without obstructing the gage lines. Three pieces of fiber board 
were placed under each concrete block so that it always bore on 
the slab in three places. Figure 12 shows a typical arrangement. 

Dead-load strains were measured at the following locations: 
Bridge M45-1, on the bottom steel at Points 50, 40, 38, 60, and 62 
in the slab, and on top and bottom steel at gage lines C3, C4, and 
C5 in the curbs; Bridge M45-2, on the top concrete in the normal 
spanwise direction and the bottom steel at Point 50 in the slab, 
and on top and bottom steel at gage lines C4, C5, and C6 in the 


1Also, similar tests had been made previously on the uncracxed structure of Bridge 


2Bulletin 346, Section 11. 
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(@)-For Maxitnuim Strains (6)-for “faxiinun Strains 
ar Point $0 in Slab at Foints 40 and 38 in Slab. 

Position AA for Point 40, 

Position BB for Point 38. 


(c)—for Maximum Strains (for Maxiinurm Straips 
At Polrat 45 in Cure Ar Point $6 tr Cure 


Fic. 15. Posirions oF LOADS, LivE-LOAD TEsTs oF 45-DEG SKEW BRIDGES. 


curbs; Bridge M45-3, on the top concrete in the normal span- 
wise direction and the bottom steel at Point 50 in the slab, and on 
the top concrete at Points 45 and 55 and the bottom steel at gage 
lines C1 through C7 in the curbs; and Bridge M60-1, on top and 
bottom steel at Points 1, 2, 3, 8, 14, and 5 and top steel at Points 
15, 16, 17, and 18 in the slab’, and on the top concrete and the 
bottom steel at gage lines 10 through 13 in the curbs. 


Live-Load Tests. — All live-load tests were conducted by 
applying to the bridges simulated axle loads in the presence of 
the added dead weights used in the dead load tests. For the 
45-deg skew bridges, the position of the live load was fixed 
while its magnitude was varied; for the 60-deg skew bridge, 
the position of the live load was varied but its magnitude was 
fixed. 

Live-load strains in the slab of Bridge M45-1 were measured 
at Points 50, 40, and 38. Strains were measured at a point when 
the load was placed in the most critical position for strain at the 
point?. Figure 15 (a and b) shows the positions of live load used. 
Live load was also placed to produce maximum strains at Points 

1Strains were also measured at Points 4, 6, 7, and 9, but are not reported. 


These strains only are reported. Actually, strains at all points mentioned plus 
Points 60 and 62 were measured for each position of loading. 
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56 or 44 in a curb (see Fig. 15d) while strains were measured 
at gage lines C4, C5, and C6 (see Fig. 1c)’. 

Steel strains were measured on all gage lines, and concrete 
strains in the slab were measured on rosettes of four gage 
lines’. For strains in the slab, eight cycles of load in each posi- 
tion were applied in increments to a maximum of 314 live loads. 
The maximum of 314 live loads produced strains greater than 
the maximum strains in the cracking test. During these cycles 
of loading, several sets of strain measurements were made as 
follows’. 


Steel Strains: Point 50 — three sets. 
Points 40 and 38—two sets for each 
point. 


Concrete Strains: Point 50 — two sets. 

Points 40 and 88—one set for each 
point. 

For the curbs, two cycles of load were applied in increments 
to a maximum of 314 live loads: one cycle for the east curb, dur- 
ing which strains were measured in the east curb; the other 
cycle for the west curb, during which strains were measured in 
the west curb‘. 

For Bridge M45-2, live-load tests were carried out in a 
manner identical to that used for Bridge M45-1 except for the 
following variations. For the slab, strains were measured only 
at Point 50, and cycles of load were applied in increments to a 
maximum of 334, live loads. Four cycles of load were applied in 
the position shown in Fig. 15a during which two sets of steel 
strains and one set of concrete strains were measured. In the 
position symmetrically opposite to that in Fig. 15a eight cycles of 
load were applied, during which two sets of steel strains and two 
sets of concrete strains were measured’. For the curbs, cycles of 
load were applied in increments to a maximum of 4 live loads. 

For Bridge M45-3, live-load tests were carried out in a 
manner similar to that employed for the other 45-deg skew 
bridges, but cycles of loading were applied in increments to a 
maximum of only 1.6 live loads, this being the load which 


These strains only are reported. Actually, strains were also measured at gage lines 
C3, C4, and C5 for live loads placed to produce maximum strains at Point 45. 

“Concrete strains in the spanwise and transverse directions only are reported. 

3When more than one set of strains was measured the final set was always the 
highest, probably because of additional cracking from cycle to cycle. Only the highest 
strains observed are recorded in this bulletin. 

‘Differences between strains in the inner and outer bars were too small to permit any 
conclusions with regard to twisting of the curb. Reported values are averages of the inner 
and outer bars for two curbs. 

"Strains reported in this bulletin are the average values for the several cycles. 
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produced strains in the lower spanwise steel at the center of 
the slab equal to the maximum strains in the cracking test. For 
the slab, strains were measured at Point 50 only, concrete 
strains being measured only in the normal spanwise and trans- 
verse directions. Four cycles of load were applied, two in the posi- 
tion shown in Fig. 15a and two in the symmetrically opposite 
position, during which four sets of steel strains and two sets 
of concrete strains were measured’. For the curbs, one cycle of 
live load placed as shown in Fig 15c was applied while steel 
and concrete strains were measured at gage lines C2, C3, and C4 
in the east curb; another cycle of load, placed in the symmetrical- 
ly opposite position, was applied while strains were measured at 
gage lines C2, C3, and C4 in the west curb’. 

For the live-load tests of Bridge M60-1, the live load con- 
centration consisted of a single axle load of 9900 lb (5.8 live 
loads) moving completely across the bridge in each of the four 
lanes indicated in Fig. 4b. Since traffic lanes and points of 
strain measurement were laid out symmetrically with respect to 
the center of the bridge, strain measurements at corresponding 
gage lines on the east and west sides of the bridge could be 
checked against each other*. Strains were measured on all gage 
lines, top and bottom, at each of Points 1, 14, 5, 6, 7, 8, 9,3 and 4 
in the slab and Points 10 and 11 in the curbs‘. For strains at 
Points 1 and 14, readings were taken at each gage for load in 
each of the four lanes, but strains at the other points were 
measured only when load was on the half of the bridge on which 
the gage was located. 


Capacity Tests. — All capacity tests were conducted with 
full dead load acting. Live load consisting of four concentrations 
representing two axle loads was applied in increments to the 
ultimate while strains were measured at various critical points. 
Inasmuch as a capacity test could be performed only once, it 
was necessary to place the live load in a position most critical 
for the structure as a whole. The positions used were those 
shown in Fig. 16. For the 45-deg skew bridges the position is 
that which produces maximum strains at the center of the 


1At the same time, strains in both curbs at gage lines C2, C3, and C4 were measured, 
but these are not reported. Strains reported are average values for the four cycles. 

2At the same time, strains in the steel at Point 50 in the slab were measured for 
the maximum live load. These are not reported. Strains reported are averages of the inner 
and outer gages for two curbs. 

8Strains reported are averages for the east and west sides, referred to the west side. 
Strains reported for the curbs are averages for inner and outer gage lines. 

4Strain measurements were also made at Points 2, 12, and 13, but these are not 
reported, 
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slab. In the more highly skewed bridge, M60-1, strains in an 
obtuse corner were found to be of the same order of magnitude 
as strains at the center of the slab; the position of live load shown 
in Fig. 16d is thus a compromise between the positions produc- 
ing maximum effects at the center of the slab and in the obtuse 
corner. 

Strains were measured in the 45-deg skew bridges at all 
bottom steel gage lines at Point 50 in the slab, and on the top 
and bottom at gage lines C5 in both curbs!. 

For Bridge M60-1, strains were measured at the locations 
given in the following table. 


West Half and Center of Bridge East Half of Bridge 


Transverse 
Direction 


Spanwise 
Direction 


Transverse 
Direction 


Spanwise 
Direction 


On top steel 
at’ Points 14, 
L5G saliigeds 
and 18. 


On bottom steel 
at Points 1, 14, 
5, 3, and 8. 


On bottom steel 
at Pomtss bh 2, 
3, and 8. 


On top concrete 
and bottom steel 
at gage lines 
TO ell ands to 


On bottom steel 
at Points 14 
and 3. 


On bottom steel 
at Point 2. . 


At the completion of the capacity tests, crack patterns and 


concrete failures were mapped or photographed. 


1$trains, not reported herein, were also measured at the following locations: Po‘nts 
40 and 38 and gage lines C3 and C4 in Bridge M45-1, gage lines C4 and C6 in Bridge 
M45-2, and gage lines C3, C4, and C6 in Bridge M45-3. 
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Looking Down or Too Looking Through to Bottom 
(a)—-Bridge MM45-/. Cracking Load =40000 Ib. or7 One Ax/e 
Capacity Load =OLt 75LL=OL4+ 161300 /b. o12 Two Ax/es. 


Looking Down on Top Looking Through to Bottom 
(h)—-Bridge 45-2. Cracking Load = 40000 lb. orf One Axle 
Capacity Load@=DLF725LL=DLF155 900 /b. 0177 Two Axles 


Pas 


Looking Dowr on Tope Looking Through to Borttora 
(c)-Bridge 45-3. Cracking Load=$36 000 le. or Ore Axle 
Capacity Load=2LF4.7LL=D0L4 101000 lo. 07 Two Axles 


<1 


Looking Dowr on Top Lookitg Through to Bottore 
(d)-Briage 160-1. Cracking Load=1/17 000 /b. of One Axle 
Capacity Load =OLt 9.$LL=0L432 200 Ib. or Two Axles 


Cracking load for each bridge was one axle /oad placed success- 
ively at a number of positiors. 

Crack patterns atter aplication of cracking loads were of same 
wature as shown but less widespread. 


Fic. 16. CRACK PATTERNS AND POSITIONS OF LIVE LOADS FOR 
CAPACITY TESTS. 
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IV. TEST DATA AND INTERPRETATION OF RESULTS 


17. General Comments 

The test data are discussed under five headings: (1) strains 
in uncracked structures, (2) concrete cracking, (3) dead-load 
strains in cracked structures, (4) live-load strains in cracked 
structures, (5) capacity tests. 

In general, the scheme for presenting the test results is as 
follows: 

(1) Strains measured in the tests are presented as influence 
lines, as load-strain curves, or in tables. 

(2) Curvatures computed on the basis of the measured 
strains are reported in conjunction with the measured strains. 

(3) Theoretical strains and curvatures are given in the 
cases for which theoretical values are available. 

The quantities measured in the tests were strains in the 
concrete or in the reinforcing steel. The quantities computed 
from the theory were moments in the slab or in the curb. These 
measured and theoretical values may be compared in various 
ways. One method, adopted herein for the tests on the uncracked 
structures, is to compare the curvatures computed from the theo- 
retical moments with those computed from the measured strains 
on the top and bottom of the slab or curb. The principal advant- 
age of this method is that the ‘“‘measured” curvatures constitute a 
weighted average of the top and bottom strains. Theoretical 
curvatures were based on the computed moments and an assumed 
EI for the structure corresponding to an uncracked concrete 
section neglecting the reinforcement. 

All comparisons of the results of the dead-load and live- 
load tests, which were made on the cracked structures, are 
based on strains. In these cases, the theoretical strains were ob- 
tained from the computed moments by means of the customary 
straight-line formulas for reinforced concrete, assuming that no 
tension is carried by the concrete. 


18. Strains in Uncracked Structures 


Tests on the uncracked structures were described in Section 
13. Results of the tests are presented in Figs. 13, 17, 18, 19, 
and 20. 

The result of the test to determine directions of principal 
strains in Bridge M60-1 is shown in Fig. 13. The difference be- 
tween measured and theoretical directions was 3.5 degrees. 
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This is probably less than the experimental error of the measure- 
ments and, in any case, may be attributed to a slight anisotropy 
caused by the reinforcement. 

For Bridges M45-1, M45-2, and M45-3 the influence lines 
for curvatures in Figs. 17-20 reveal two outstanding features: 
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Wesr Last West Last West East West Last 
Location of Load Location of Load Location of Load Location of Load 
On Livre A-A On Line B-B On Line A-A On Lire B-B 
(Q)-Bridge /145-/ (b)-Bridge (145-3 


Fic. 18. INFLUENCE LINES FOR STRAINS AND CURVATURES AT POINT 40 IN 
SLAB, 45-DEG SKEW BRIDGES IN UNCRACKED CONDITION (CONCENTRATED LOAD 
IN TEST=3500 LB). 


(1) The shapes of the measured and the theoretical in- 
fluence lines for curvatures are in good agreement. 

(2) The difference in magnitudes between measured and 
theoretical influence lines for curvatures varies from bridge to 
bridge. Since the theoretical influence lines shown are the same 
for all bridges, this means also that the magnitudes of com- 
parable measured influence lines vary from bridge to bridge. 


Rad per i, Fractior) of 


Per lk. Core. 
Load, X/0 


Unit Stratis X10? 
er ll. of Concerittated Load 


Curl Deer 
Below 7o2 
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The good agreement between shapes of measured and 
theoretical influence lines indicates that the theory of isotropic 
slabs gives a reliable qualitative picture of the action, at least 
for uncracked structures. This would be expected, because in 
an uncracked structure the influence of reinforcement in destroy- 


CG 
a 
All values measured AN va ate 
or computed rror 5 “f° 
T77CASUT CLPICLITS « 


(iss Neutral Axis 


fo 


West East West Last West fast West fast 
locatiovn of Load Location of Load Location of Load Locatior of Load 
On Line E-E On Line G-G OR Livia B-E On Lire G-G 
(a)-Bridge (143-/ (b)-Bridge 45-2 


Fic. 19. INFLUENCE LINES FOR STRAINS AND CURVATURES AT POINT 45 IN 
Cours, 45-DEG SKEW BRIDGES IN UNCRACKED CONDITION (CONCENTRATED LOAD 
IN TEST=3500 LB). 


ing isotropy is rather weak. Furthermore, it is reasonable to 
believe that even a high degree of anisotropy would not destroy 
the qualitative agreement. 

Magnitudes of measured and theoretical curvatures may be 
compared for Bridges M45-1 and M45-3. In Bridge M45-1 
(Fig. 18a for slab curvatures at point 40, and Fig. 20a for curb 
curvatures at point 56) the measured curvatures are always 
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Fic. 20. INFLUENCE LINES FOR STRAINS AND CURVATURES IN CURB, 45-DEG 
Skew BRIDGES IN UNCRACKED CONDITION (CONCENTRATED LOAD IN 
TrEST=3500 LB). 


smaller numerically than the theoretical curvatures. In Bridge 
M45-3 (Fig. 18b for slab curvatures at point 40), the same 
relation was found except when the load was immediately over 
the point at which strain was measured. In this case the 
measured curvatures were greater than the theoretical values. 
Also, in Bridge M45-1 (Fig. 18a) it may be noted that the 
ratio of measured to theoretical curvature was numerically 
greater when the load was over the point at which strain was 
measured than when the load was at-other positions. 

The generally lower measured curvatures can be explained 
by the effect of the reinforcement. An uncracked structure 


~— 
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having steel reinforcement is stiffer than the uncracked structure 
without reinforcement. Since curvature is inversely proportional 
to stiffness, and since the theoretical curvatures were computed 
neglecting the effect of reinforcement, the actual structure should 
have smaller curvatures than the theory indicates. 

The increase of measured curvature with respect to theore- 
tical curvature when the load is over the point at which strain 
is measured is representative of a condition frequently observed 
in tests of reinforced concrete slabs’. It is possible that un- 
detected local cracking may be a contributing factor, and that the 
method of computing theoretical curvatures is faulty. That is, 
the Westergaard approximate formulas for moment under a load, 
developed for a homogeneous, isotropic material, are not ap- 
plicable to cracked reinforced concrete sections. 

More extensive comparison can be made of the magnitudes 
of measured curvatures in the three 45-deg skew bridges. In- 
fluence lines for spanwise curvatures at point 50 on all three 
bridges are given in Figs. 18a, b, and c. From these data it may 
be determined that measured curvatures for Bridges M45-2 and 
M45-3 were nearly equal to each other and were greater numeri- 
cally than the corresponding curvatures in Bridge M45-1. Cor- 
responding influence lines for all three bridges are not available 
for other curvatures, but the relative magnitudes of the measured 
values may be determined by making comparisons of only two 
bridges at a time. Thus, transverse curvatures at point 40 were 
greater for Bridge M45-3 (Fig. 17c) than for Bridge M45-1 
(Fig. 17a). Also, curvatures in both directions at point 40 were 
greater for Bridge M45-3 (Fig. 18b) than for Bridge M45-1 
(Fig. 18a). These same relative magnitudes were found also for 
curvatures of the curbs, as may be seen by comparing Bridges 
M54-2 (Fig. 19b) and M45-3 (Fig. 20b) with M45-1 (Figs. 19a 
and 20a). The curb curvatures for Bridges M45-2 and M45-3 
are practically equal and were greater than those for Bridge 
M45-3. 

On the basis of the foregoing discussion, it may be con- 
cluded that the curvatures measured in the uncracked bridges 
were affected more by the amount of spanwise reinforcement 
than by its orientation. Bridges M45-2 and M45-3, which ex- 
hibited nearly equal curvatures, contained essentially the same 


1See, for example, Bulletin 346, Figs. 8, 9, and 10, and N. M. Newmark, C. P. 
Siess, and R. R. Penman, “Studies of Slab and Beam Highway Bridges: Part I—Tests 
of Simple-Span Right I-Beam Bridges,” Univ. of Ill. Eng. Exp. Sta. Bul. 363, Figs. 9, 10, 
38, and 39. 
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amount of reinforcement, although its orientation was quite 
different. Bridge M45-1 had considerably more reinforcement 
in both slab and curbs. Although theoretically some effect of 
orientation of the spanwise reinforcement would be expected, 
this effect was either too small to be observed, or its presence 
was obscured by other compensating phenomena of a nature as 
yet not determined. 


19. Concrete Cracking 

The procedures used in cracking the test structures were 
described in Section 14. Results of the test are given in Figs. 16 
and 21. Although the crack patterns sketched in Fig. 16 are 
these observed at capacity loads, they indicate also the type of 
cracking obtained in the cracking test. Of course, the major 
cracks (indicated by heavier lines in Fig. 16) were not opened 
as widely in the cracking tests as in the capacity tests. Also, 
the diagonal cracks radiating from the center of Bridge M45-2 
were not formed in the cracking test but appeared in the capacity 
test. 

It may be seen from Fig. 16 that the crack patterns are 
influenced mainly by two factors — orientation of the reinforce- 
ment and shape of bridge. The crack patterns themselves are 
best discussed in two categories — cracks in the central regions 
of the bridges and cracks near the edges. 

Cracks in the central regions are confined to the bottoms 
of the slabs in the 45-deg skew bridges, whereas in the 60-deg 
skew bridge they occur in both top and bottom of the slab. This 
difference is the effect of the shape of the bridge. In a sharply 
skewed bridge having the proportions of Bridge M60-1, the 
deflection of the slab under load is saddle-shaped in the central 
region. By saddle-shaped is meant that the slab is concave up- 
ward in one direction and concave downward at right angles 
to that direction. In.other words, the slab has principal curva- 
tures of opposite signs in two directions inclined to each other. 
This condition, which exists in the central region of Bridge 
M60-1, results in tensile strains on both sides of the slab, in 
directions at right angles to one another. 

The saddle-shaped type of deflection was not observed in the 
45-deg skew bridges. This was no doubt due principally to the 
smaller angle of skew, but could have been caused also by the 
somewhat greater width-span ratio of these bridges. In general, 
the slabs of the 45-deg skew bridges deflected in a dished shape, 
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as indicated by the nature of the cracks on top of the slab in 
the outer regions. These cracks also show a tendency of the 
curbs to exert a restraint against lifting of the acute corners 
of the bridges. 

The crack patterns for the 45-deg skew bridges indicate 
that the cracks do not necessarily occur in the directions normal 
to the directions of principal curvatures. In the bottom of all 
three bridges a large number of cracks were produced in the 
cracking test, all of which ran in the transverse direction, parallel 
to the supports. The orientation and location of these cracks 
were exactly those of the transverse reinforcing bars in the 
bottom of the slab; that is, each of these cracks followed along 
a transverse reinforcing bar. On the other hand, the major 
cracks (indicated by heavier lines on Fig. 16) were oriented 
differently for Bridges M45-1 and M45-3 with skewed spanwise 
reinforcement than for M45-2 with normal spanwise reinforce- 
ment. In the bridges with skewed reinforcement, there is one 
direction in which the effectiveness of the combined transverse 
and spanwise reinforcement is very low’. This direction is along 
the line connecting the obtuse corners, and it may be seen in 
Fig. 16 that the major cracks in Bridges M45-1 and M45-3 were 
normal to that direction. Bridge M45-2 had no such very low 
effectiveness in one direction since the two sets of reinforcement 
were placed at right angles to each other. Consequently, the 
major cracks occurred almost equally in the two directions at 
angles of 45-deg to the directions of the reinforcement. 

Cracks in the curbs were in nearly all cases perpendicular 
to the direction of the curbs; that is normal to the direction of 
principal curvature and also to the direction of the reinforce- 
ment. On top of the 45-deg skew bridges near the obtuse corners 
cracks occurred in the slab at the junction of the slab with the 
curbs. It was determined from observations on Bridge M45-3 
that these cracks extended vertically through the slab along 
a plane representing approximately an extension of the inside 
face of the curb. In Bridge M60-1 cracks on top of the slab 
frequently extended across the curbs. 

Figure 21 shows typical conditions at the beginning of the 
strain history of the steel reinforcement in a bridge. Strain 
measurements were begun in Load Cycle A before any cracking 
loads were applied. When the load was increased, cracking 


1The subject of effectiveness of reinforcement in various directions has been treated 
analytically in Bulletin 332, pp. 95-98. 
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Fic. 21. STRAINS IN BOTTOM SPANWISE STEEL AT CENTER OF BRIDGE FOR 
VARIOUS DEGREES OF CRACKING, BRIDGE M45-3. 


started and progressed to some extent as indicated by the in- 
creasing strain rate in the first half of Load Cycle A. Upon 
release of the load in Cycle A a strain of 28 « 10° remained in 
the bar under consideration. It is reasonable to think that this 
residual strain was caused by two factors: (1) some release of 
shrinkage strain, and (2) a change of the distribution of 
stress due to the applied load. The shrinkage stresses are not 
indicated by strain measurements until the concrete is cracked. 
After cracking, the stress system in equilibrium with the dead 
load of the bridge changes from that which existed before 
cracking to the extent that some tensile stress formerly carried 
by the concrete is transferred to the bar under consideration. 

In Load Cycle B, the almost linear load-strain relation- 
ship indicates little further adjustment of internal stress dis- 
tribution due to cracking. A 24-hour interval of time between 
the applications of Cycles B and C seems to have permitted a 
small amount of additional cracking of a nature such that the 
strain in the bar under consideration was slightly decreased 
while at other points in the bridge the strains in the steel may 
have been increased. Further evidence of such additional crack- 
ing under quiescent conditions is given by the increased rates 
of strain and the additional residual strain of Load Cycle C. If 
this reasoning is correct, such action of the bridge should form 
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a strong argument in favor of the need for a thorough cracking 
of test structures if they are to simulate the action of field 
structures. 

The application of axle loads at positions 2 through 8 .(see 
Fig. 14) between Cycles C and D changed the total residual 
strain only slightly, but upon application of Cycle D, the effect 
of the additional cracking loads appeared as further increases 
in the strain rates and the residual strain for the bar under 
consideration. 

The main conclusion to be drawn from Fig. 21 is that the 
load-strain relationship for any portion of a reinforced concrete 
bridge does not become stabilized until the entire structure is 
thoroughly cracked. 


20. Dead-Load Strains in Cracked Structures 


A description of the dead load tests was given in Section 15. 
Results are given in Table 4 and Figs. 22 and 23. 


TABLE 4 


DEAD-LOAD STRAINS IN SLABS OF 
45-DEG SKEW BRIDGES 


Unit Strain X 106 
Bridg Location of Strain Steel, Bottom Concrete, Top 
No. -)\--— 
From Tests* | From Theoryt| From Tests* | From Theory 
Point 50, Spanwise, 1W 30 (180) 
Cc 6 (180) 
1E 64 (180) 
Transverse, 1S 64 (116) 
C 70 (116) 
1N 18 (116) 
M45-1 
Point 40, Spanwise 36 180 
Transverse —12 116 
Point 60, Spanwise 42 180 
Transverse —6 116 
Point 38, Spanwise 42 (180) 
Transverse 6 (116) 
Point 62, Spanwise 88 (180) 
Transverse 0 (116) 
! Point 50, Spanwise, 2W 98 (180) 
1W 130 (180) 
Cc 84 (180) —$2 —105 
1E 92 (180) 
M45-2 2E 92 (180) 
Transverse, 1S 46 (116) 
Cc 0 (116) 
1N 78 (116) 
Point 50, Spanwise, 1W 242 (417) 
M45-3 Cc 360 —A17 —306 —178 
1E 256 (417) 
Transverse, 1S ¢ 
Cc 
1N 


*Values in this column are twice those observed in the dead-load tests. , 
+Values in parentheses are approximate strains based on computations for points nearby. 
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The strains measured in the dead-load tests on the various 
bridges were almost without exception considerably smaller than 
those computed from the theory. In general, however, there was 
somewhat better agreement between measured and theoretical 
concrete strains than was noted for the steel strains. 
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Fic. 22. DEAD-LOAD STRAINS IN CURBS OF 45-DEG SKEW BRIDGES. 


It seems likely that much of the observed difference may 
have resulted from the fact that the relatively small stresses 
produced by the dead load, both actual and added, did not cause 
sufficient cracking of the concrete to eliminate entirely its action 
in tension, as assumed in the theoretical calculations. Even 
though the slabs were cracked prior to the dead-load test, it is 
not unreasonable to believe that a fairly large portion of the 
concrete acted in tension, and hence reduced the strains in the 
reinforcement. ‘ 

Part of the difference between measured and theoretical 
strains in the curbs may be attributed to the fact that the 
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actual position of the neutral axis in the curbs was somewhat 
lower than that assumed in the theoretical calculations. There- 
fore the measured strains in the top of the curb were usually 
in better agreement with the theoretical values than were the 
bottom curb strains. 
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Fic. 23. DEAD-LOAD STRAINS IN SLAB AND CURBS OF BRIDGE M60-1. 


There is considerable scatter in the measured dead-load 
strains — due in part to the nature of the test, particularly the 
manner of loading, but principally to the errors of reading the 
small strains obtained in these tests. In many cases, the observed 
strains were of a magnitude only a few times greater than the 
probable error of reading the strain gages. 
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21. Live-Load Strains in Cracked Structures 

Procedures used in live load testing were described in 
Section 15. Figure 15 shows the positions of live loads used to 
produce maximum live load strains at the various points con- 
sidered to be critical for tne 45-deg skew bridges. The positions 
shown are obtainable from the theoretical influence surfaces, but 
they also represent the results obtained from experimentally 
determined influence surfaces and from the procedure of shifting 
the loads about on the bridge until maximum influence is ob- 
tained. The fact that experimental and theoretical positions are 
in almost exact agreement is in line with the previously observed 
qualitative agreement between measured and theoretical curva- 
tures. 

Results of the live-load tests are given in Figs. 24 through 
31. The data of Figs. 24, 25, and 26 for the 45-deg skew bridges 
show these main features: 

(1) The load-strain relations are all reasonably linear, in- 
dicating that the effect of any additional cracking during the 
live load tests must have been small. 

(2) Measured strains in the bottom reinforcement are 
always less than the theoretical strains computed for no tension 
in the concrete. 

(3) Measured strains in the concrete on top of the slab or in 
the reinforcement in the top of the curbs were generally in 
fairly good agreement with the theoretical values. 

(4) The magnitude of the measured strains varied from 
bridge to bridge. 

A large part of the difference between measured and theore- 
tical strains in the tensile reinforcement is believed to be due 
to the fact that the concrete below the neutral axis is capable 
of carrying some tension. This would have the effect of reducing 
the steel strains appreciably, but would have a considerably 
smaller effect on the compressive strains in the concrete on top 
of the slab, which should then agree, and did, more closely with 
the theoretical values. 

The better agreement of measured and theoretical top curb 
strains can be explained by considering the actual and assumed 
positions of the neutral axis. The theoretical strains in the curb 
were computed for the assumptioOn that the curb acts as an 
isolated beam. Actually, the curb acts integrally with the slab 
and its neutral axis is consequently some distance lower than the 
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assumed position. This shift in the position of the neutral axis 
tends to decrease the strains in the bottom of the curb and in- 
crease those in the top. Thus the agreement with the theoretical 
values is improved for the top strains but made worse for those 
on the bottom. 

The relative magnitudes of the measured strains in the re- 
inforcement may be considered to show, at least qualitatively, the 
effects of amount and orientation of reinforcement. 

Comparisons between Bridges M45-1 and M45-2 may be 
based on the strains in the slab reinforcement at point 50 (Fig. 
24) and the strains at Gage 6 in the curb (Fig. 26). It may be 
seen that the spanwise strains in the slab are practically equal, 
while Bridge M45-1 has greater strains in the transverse steel 
and smaller strain in the curbs than Bridge M45-2. It would be 
expected that the presence of a more heavily reinforced curb on 
Bridge M45-1, together with the use of skewed reinforcement, 
would tend to attract more load and moment to the curbs of 
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that bridge. Since the transfer of load to the curbs is effected 
primarily through the medium of the transverse reinforcement, 
it is reasonable that these bars would be more highly strained in 
Bridge M45-1 than in M45-2, since the same amount of trans- 
verse reinforcement was provided in both slabs. On the other 
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Fic. 26. Live-LoaAp STRAINS IN CuRBS OF 45-DEG SKEW BRIDGES; LOADED 
WITH FuLL DEAD LOAD PLUS LIVE LOAD. 


hand, the increased curb moment in Bridge M45-1 was off- 
set by the greater curb reinforcement and the net result was a 
smaller strain in the curb of this bridge than in the more 
lightly reinforced curb of Bridge M45-2. 

It is also significant that the strains in the spanwise re- 
-inforcement of Bridges M45-1 and M45-2 were practically equal 
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(Figs. 24a and b). Although both the amount and orientation 
of the spanwise steel were different in these two bridges, the 
effective percentage of reinforcement in the direction of the 
greater principal moment was the same. 
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Fic. 27. Livp-LoApD STRAINS AT POINT 1 IN SLAB OF BRIDGE M60-1; LOADED 
WITH FULL DEAD LOAD PLUS AN AXLE LOAD OF 9900 LB. 


Another comparison is afforded by Bridges M45-2 and 
M45-3, in which the amount of reinforcement was the same but 
its orientation was different. Skewing the spanwise reinforce- 
ment in Bridge M45-3 caused a considerable increase in the 
strains in the spanwise reinforcement (Figs. 24b and ¢), due to 
the decreased effectiveness of the skewed reinforcement. The 
observed increase, however, was somewhat less than 100 percent, 
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the value that would be predicted purely on the basis of the 
theoretical effectiveness of the two arrangements of reinforce- 
ment. Strains in the transverse reinforcement (Fig. 24) were 
somewhat greater for Bridge M45-3 than for M45-2, but strains 
in the curbs (Figs. 26b and c) were very similar. 

As was stated previously, live load tests on Bridge M60-1 
were made with a moving axle load, in contrast to the fixed 
position of the live loads in the 45-deg skew bridges. The test 
results for Bridge M60-1, given in Figs. 27-31, are therefore in 
the nature of influence lines for strains. 
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The most significant facts to be observed in the data of 
Figs. 27 through 31 are as follows. 

(1) The qualitative agreement between measured and theo- 
retical strains is generally fairly good. The agreement is poorest 
for spanwise strains, especially at Point 5 in the slab (Fig. 29). 
This poorer agreement is probably due to the extensive cracking 
on the top of the slab between the obtuse corners of the bridge, 
since this cracking is in a region very influential in determining 
the whole deflection pattern. Me 


(2) The quantitative relation between measured and theo- 
retical strains depends to a considerable extent on whether 
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tensile or compressive strains are considered. In most cases, the 
theoretical tensile strains were greater than the measured values, 
and in some instances were very much greater. This is in agree- 
ment with the results of the tests on the 45-deg skew bridges, 
and the differences between measured and theoretical strains are 
due to the fact that tension in the concrete is neglected. The 
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measured and theoretical compressive strains in the reinforce- 
ment were usually in good agreement. This also is in line with 
the results for the 45-deg skew bridges, in which measured and 
theoretical compressive strains in the concrete were in fairly 
good agreement. The reason for this is that compressive strains 
are not affected so greatly by errors in the assumptions made in 
computing the theoretical values. 

(8) The maximum strain in the spanwise direction occurred 
in the bottom spanwise reinforcement at Point 1 (Fig. 27), and 
was greater for loads in an inside lane (Lanes A) than for loads 
in an outside lane (Lanes B). The maximum strain in the 
transverse direction occurred in the top transverse reinforce- 
ment at or near Point 5 (Fig. 29), and was greatest for loads in 
an outside lane. The existence of maximum strains in the bottom 
spanwise reinforcement and top transverse reinforcement is con- 
sistent with the saddle-shaped deflection of the slab mentioned 
previously. The effect of the peculiar conditions at the obtuse 
corner is evident in causing the greatest transverse strain to 
occur at Point 5 rather than at a point nearer to the middle of 
the bridge. 

(4) Additional comments may be made regarding the 
strains presented in Figs. 27, 28, 29 and 30, as follows. (a) Trans- 
verse strains at Point 14 (Fig. 28) were not significantly dif- 
ferent from those at Point 1 (Fig. 27). (b) Strains at Point 6 
(Fig. 30) show the same type of variation with load position as 
those at Point 5 (Fig. 29), but strains in the top steel at Point 6 
are only slightly more than half as great as at Point 5, while 
strains in the bottom steel are about equal. Although Point 6 
is immediately adjacent to the curb, it would seem that the pat- 
tern of strains at this location is also strongly influenced by 
its proximity to the obtuse corner. (c) Strains at Points 7, 8, 
and 9 show the influence of the curb on strains in that portion 
of the slab adjacent to the curb. This effect is found to be pro- 
gressively greater for locations more distant from the obtuse 
corner. The influence of the curb is manifest by the tendency 
for strains in the top of the slab to become small, while strains 
in the bottom slab reinforcement exhibit the same type of varia- 
tion as strains in the bottom of the curb. This suggests also the 
nature of the interaction between the curb and slab. It is evident 
that the principal curvature near the curb (especially at Point 8) 
is nearly in the direction of the curb and that the neutral axis 
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in the vicinity of and normal to the curb lies near the top of 
the slab. (d) Strains at Points 3 and 4 are hybrids in that they 
show some of the characteristics of strains near the curb and 
strains near the center of the slab. However, the strains at 
these points are not critical in comparison to strains at other 
points. 

(5) Figure 31 shows that strains in the curb are a maximum 
between Points 10 and 11, in substantial agreement with the 
theory. The position of the neutral axis, here as well as in the 
45-deg skew bridges, seems to vary to some extent according to 
the position of the load on the bridge. 


Fic. 33. DETAILS OF CRACKING AT NORTHWEST OBTUSE CORNER OF BRIDGE 
M45-2 AFTER CAPACITY TEST. 


22. Capacity Tests 

Capacity tests were performed in the manner described in 
Section 15. Results are given in Figs. 16 and 32-36. 

For the 45-deg skew bridges, Fig. 32 shows common trends 
in the load-strain relationships. The principal features may be 
stated as follows: a 

(1) Initial yielding’ occurred near the centers of the bridges 


1It was assumed that initial yielding was indicated by a noticeable break in the load- 
strain curve for the most highly stressed bar. 
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Fig. 34 (ABove). EAST CursB OF BripGk M45-2 Arrer CAPACITY TEST. 
Fig. 35 (BELOW). DETAILS OF CRACKING ALONG EAST CURB OF BRIDGE 
M45-3 AFTER CAPACITY TEST. 


in the bottom spanwise steel. For M45-1 and M45-2, first yielding 
oecurred at measured strains which were appreciably below the 
yield strain of the steel. This apparent discrepancy results from 
the fact that the measured strains plotted in Figs. 32a and b in- 
clude only the deal-load strains as measured in the test with 
added dead load. The rather large residual stresses existing at 
the end of the cracking test, as illustrated by Fig. 21, were not 
measured in Bridges M45-1 and M45-2. For Bridge M45-3 
(Fig. 32c), in which these strains were included, it may be 
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observed that yielding occurred at a strain corresponding very 
closely to the observed yield strain of the reinforcing bars. 

(2) At loads slightly above those producing initial yielding, 
the rate of strain in the bottom transverse slab steel and in 
the east curb bottom steel began to increase. This was the result 
of a transfer of load from the yielding spanwise steel, since 
all other strains were well below the yield point. 

(3) Little or. no change took place in the rate of strain 
in the tops of the curbs up to the ultimate load. This might be 


Fic. 36. DETAILS OF CRACKING AT NORTHWEST OBTUSE CORNER OF BRIDGE 
M45-3 AFTER CAPACITY TEST. 


explained on the basis of a rise in the neutral axes in the curbs 
due to additional cracking. 

(4) The west curbs were strained less than the east curbs 
because of the unsymmetrical position of the loads. 

(5) There was a small but inconsistent difference in strains 
between the outer and inner gage lines in the curbs. No definite 
conclusions can be drawn regarding twisting of the curbs, but 
the effect of twisting seems not to be great, at least near the 
centers of the curbs. 

(6) General features of the crack patterns, shown in 
Fig. 16, were discussed in Section 18. Details of cracking at 
capacity loads are shown photographically in Figs. 33-36. 


ee 
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(7) Compression failures ccecurred in the tops of the slabs 
of Bridges M45-1 and M45-2. These appeared directly above and 
in the direction of the primary cracks in the bottoms of the slabs. 
This would indicate that at the final stages of loading the direc- 
tions of principal curvatures may have shifted from near their 
theoretical directions to the directions of the compression 
failures. Fracture of the concrete did not occur in Bridge M45-3, 
probably because of the early yielding of the steel. 

Figure 37 shows the following features of the capacity 
test of Bridge M60-1. 

(1) Initial yielding took place in the top transverse slab 
steel in the obtuse corner of the bridge, at measured strains very 
near to the yield strain of the steel. Yielding started at gage 
line 18W and progressed in the top transverse steel toward the 
center of the bridge. 

(2) An increase in the rates of strain occurred in the 
bottom spanwise steel at gage lines 1, 2, and 3, and in the bottom 
transverse steel at gage line 3W at loads somewhat above those 
producing initial yielding. This was caused by the transfer of 
resistance to load from the yielding obtuse corners to other 
parts of the bridge. 

(3) Spanwise steel at gage line 2W reached the yield point 
strain at DL + 7.5 LL and that at gage lines 1 and 2E yielded 
at DL + 8.5 LL. 

(4) Load-strain relationships remained reasonably linear 
in the bottom steel at gage lines 5W, 8W, and 3E up to ultimate 
load, and strains at these gage lines remained considerably 
lower than yield strain. 

(5) In the west curb, which was the most highly strained 
curb, a condition took place which was almost the reverse of that 
in the 45-deg skew bridges. Strains in the bottom curb steel 
(and also at gage line 8W) did not show an increase in rate 
after initial yielding in the slab; instead, strains in the top 
curb concrete started to increase slightly in rate, and at ultimate 
load were increasing rapidly. High strains in the top of the 
curb led to the compressive failure of the curb shown in 
Figs. 16 and 40. 

(6) Crack patterns were discussed in Section 18, and de- 
tails of cracking are shown in Figs. 16, 38, 39, and 40. Figure 40 
shows local crushing of the concrete over the pier at an obtuse 
corner. This crushing began at about 4 live loads, and is 
evidence of a high concentration of reaction in an obtuse corner. 
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It is seen that the load-strain relations for the slab steel 
in the capacity tests of the 45-deg skew bridges (Fig. 32) agree 
very well with the corresponding data from the live-load tests 
(Fig. 24). Such comparisons cannot be made, however, for 
strains in the curbs or for strains in the 60-deg skew bridge 
since live-load and capacity tests were not conducted under the 
same conditions in these cases. 

Principal features of failure and quantitative data on 
loads at initial yielding and at capacity are summarized in Table 
5. It is noted that the bridges have reserve strengths above 
initial failure varying from 50 to 150 percent, approximately, 
of the live load at initial failure. 


TABLE 5 
SUMMARY OF PRINCIPAL FEATURES OF F'AILURE 


Bridge No. Load at Initial Order and Place Ultimate Secondary Failures 
Yielding of Steel of Yielding Load Near Ultimate Load 
Bridge M45-1 | DL+3% LL 1. Spanwise bottom DL+7% LL Crushing of top con- 
steel at center of crete near center of 
slab slab directly over and 
2. Transverse bottom in direction of primary 
steel at center of crack in bottom 
slab 
Bridge M45-2 | DL+4 LL 1. Spanwise bottom DL+74 LL Crushing of top con- 
steel at center of crete near center of slab 
slab directly over and in 
2. Transverse bottom direction of primary 
steel at center of crack in bottom 
slab 
Bridge M45-3 Between 1. Spanwise bottom DL+4.7 LL 
DL+1% LL steel at center of 
and slab 
DL+2% LL 2. Transverse bottom 
steel at center of 
slab 
Bridge M60-1 | DL+6% LL 1. Transverse top steel | DL+9'% LL Crushing of top con- 
in obtuse corner of erete in curb in region 
slab adjacent to axle load 
nearest curb 
2. Spanwise bottom Crushing of bottom 
steel at center of concrete in bridge over 
slab - pier at obtuse corner 
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Fic. 37. CAPACITY TEST OF BRIDGE M60-1: STRAINS IN SLAB AND CURBS AT 
VARIOUS POINTS; LOADED WITH FULL DEAD LOAD PLUS LIVE LOAD PLACED AS! 
SHOWN IN Fic. 16d. 


Fic. 38 (Top). Tor oF Bripce M60-1 AFTER CAPACITY TEST. 
Fic. 39 (CENTER). Bottom or Bripce M60-1 AFTER CAPACITY TEST. 


Fic. 40 (BorToM). DETAILS OF CRACKING OF WEstT CURB AT OBTUSE CORNER 
oF BripcE M60-1 AFTER CAPACITY TEST. 
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V. SUMMARY OF RESULTS 


23. Preliminary Remarks 

Laboratory tests were made on four skew slab prices: 
three half-scale models of bridges with 45-deg skew, and one 
fifth-scale model of a bridge with 60-deg skew. The 45-deg 
bridges differed principally in the amount and arrangement of 
the spanwise reinforcement and the reinforcement in the curbs. 

The purposes of the tests were twofold: (1) to compare 
the actual behavior of the bridges in both the uncracked and 
cracked states with the behavior predicted by the theory of 
isotropic slabs, and (2) to observe conditions at and near 
ultimate loads. 

The tests on all of the bridges may be divided into three 
categories: 

(1) Influence-line tests on the uncracked bridges 

(2) Live-load tests on the cracked bridges 

(3) Capacity tests. 

The results from each of these tests have been presented 
and discussed in the preceding chapter. They are summarized in 
the following sections, under headings corresponding to the 
three types of tests listed above. 


24. Tests on Uncracked Bridges 

For the most part, these tests were conducted in such a 
manner as to obtain influence lines for strains in the slabs of 
the 45-deg skew bridges, and to determine the directions of 
the planes of principal strains in the 60-deg skew bridge. The 
most important results from these tests are listed below. 

For the 45-deg skew bridges: 

(1) The measured and theoretical influence lines for curva- 
tures were in good qualitative agreement; that is, the two 
curves were usually very similar in shape. This was to be ex- 
pected, since the theoretical analysis for isotropic slabs should 
give a fairly reliable qualitative picture of the behavior of the 
uncracked bridges. 

(2) The curvatures obtained from the measured strains 
were in general smaller than those computed from the theory. 
At least some of the observed difference may be attributed to 
the stiffening effect of the steel reinforcement, which was not 
taken into account in the theoretical calculations. 
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(8) The measured curvatures were very nearly equal for 
Bridges M45-2 and M45-3. These bridges had the same amount 
of reinforcement but it was oriented differently in the two 
structures. 

(4) The measured curvatures for Bridge M45-1 were less 
than those for M45-2 and M45-3. This bridge had a considerably 
greater amount of spanwise reinforcement than the other two. 

(5) It may be inferred from the result stated in (3) and (4) 
that the magnitudes of the measured curvatures were affected 
only by the amount of reinforcing steel present and not by 
its orientation. This conclusion must, of course, be confined to 
these particular tests, which were quite limited in scope. 

(6) Measured curvatures were relatively greater compared 
to the theoretical curvatures when the load was applied directly 
over the point at which strains were measured. This phenomenon 
is probably due chiefly to the existence of very small undetected 
cracks at the load position, but it may also be due in part to a 
deficiency of the theory when applied to an area under the load. 

For the 60-deg bridge: 

(7) The direction of the principal strains as determined 
in the tests was 19 deg from the normal to the abutments, as 
compared to a theoretical angle of 1514 deg. The difference in 
this case may be due to the anisotropy caused by the reinforce- 
ment. 


25. Live-Load Tests on Cracked Bridges 


These tests were carried out after the bridges had been 
systematically cracked over the major portion of their areas. 
The loading in all cases consisted of two concentrated loads, 
representative of the rear axle of a heavy truck. Test data 
were obtained in the form of load-strain curves for the 45-deg 
skew bridges, and influence lines for the axle moving across 
the bridge for the 60-deg skew bridge. The results may be 
summarized as follows: 

For the 45-deg skew bridges: 

(1) The load-strain curves were linear up to the maximum 
loads applied in these tests. These loads were 3.5 live loads for 
M45-1, 4.0 live loads for M45-2 and 1.6 live loads for M45-3. 

(2) Measured strains in the bottom reinforcement of the 
slab or curb were always less than the theoretical strains com- 
puted on the assumption that the concrete is cracked and in- 
capable of resisting tension. 
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(3) Measured strains on the top of the slab or curb were 
usually in fairly good agreement with the theoretical values. 

(4) The measured strains in the direction of the span were 
very nearly the same for Bridges M45-1 and M45-2. Although 
the reinforcement was different in both amount and orientation 
for these two bridges, it was designed to have the same effective- 
ness in the direction of the principal moments. 

(5) Bridge M45-1 had greater transverse strains in the 
slab and smaller strains in the curb than Bridge M45-2. Both 
of these differences can be explained by the greater stiffness 
of the more heavily reinforced curbs on Bridge M45-1. The 
greater stiffness would contribute directly to a decrease in strain 
in the curb, and this in turn would tend to produce a greater 
transverse strain for M45-1, since the spanwise strains were 
the same for the two bridges. 

(6) The measured spanwise strains for Bridge M45-3 were 
nearly twice as great as those for Bridge M45-2. The same 
amount of spanwise slab reinforcement was used in both of 
these bridges but it was oriented differently and its theoretical 
effectiveness in the direction of the principal moment was only 
one-half as great for M45-3 as for M45-2. 

For the 60-deg skew bridge: 

(7) Maximum strains in the slab and curb occurred at the 
locations and for the load positions indicated by the theoretical 
analysis. 

(8) Measured tensile strains in the reinforcement were 
generally appreciably less than theoretical strains computed by 
the ordinary straight-line theory for reinforced concrete, neglect- 
ing tension in the concrete. Measured compressive strains in 
the reinforcement were in reasonably good agreement with the 
theoretical values. 

(9) Maximum spanwise strain occurred near the middle of 
the bridge in the bottom reinforcement, while maximum trans- 
verse strain occurred near the obtuse corner in the top reinforce- 
ment. These results are consistent with the observed saddle 
shaped deflection of the bridge. 

(10) The principal strain of the slab at points near a 
curb was very nearly in the direction of the curb. Also, the 
neutral axis of the slab in the vicinity of a curb and normal to it 
lay near the top of the slab. These results are indicative of the 
interaction between curb and slab. 
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26. Capacity Tests 


The loading in these tests consisted of four concentrated 
loads representing the rear axle loads of two trucks. In addition, 
added uniform load sufficient to provide full-scale dead load was 
placed on the bridge. The live load was applied in increments 
and strains measured for each increment of load. The principal 
results of these tests are listed below. 


For the 45-deg skew bridges: 

(1) Initial failure was by yielding of the bottom spanwise 
reinforcement at loads of DL + 3.5LL for M45-1, DL + 4.0LL 
for M45-2, and DL + 1.5 to 2.5LL for M45-3. These variations 
in capacity demonstrate clearly the manner in which the 
capacities of the bridges were affected by changes in the amount 
and orientation of the spanwise reinforcement. The effect of 
changing the amount of steel without changing its orientation 
is seen by comparing M45-1 and M45-3; Bridge M45-3 with 
half as much spanwise steel had approximately half the capacity 
of M45-1. Similarly, the effect of changing the orientation 
without changing the amount is indicated by the results for 
M45-2 and M45-3; these bridges had the same amount of steel 
but its orientation in M45-3 was such as to reduce its effective- 
ness in resisting the spanwise principal moment by one-half. 
Approximately the same reduction in capacity was observed. 
Finally, comparison may be made of Bridges M45-1 and M45-2 
in which both the amount and direction of the reinforcement 
were different. Bridge M45-1 had just twice as much spanwise 
steel as M45-2, but the arrangement in M45-2 was such as to 
make it twice as effective. These two effects practically cancelled 
each other and the capacities of these two bridges were prac- 
tically the same. 

(2) Initial yielding of the bottom spanwise reinforcement 
was followed by an increase in the rate of strain with load for 
the bottom transverse steel. This was the result of a transfer 
of moment from the spanwise to the transverse direction as a 
result of yielding in the spanwise direction. 

(3) The ultimate capacities of the bridges were reached 
at live loads ranging from 80 to 115 percent greater than those 
at first yielding. In general, the ultimate capacities of the 
various bridges were related to the amount and orientation of 
the reinforcement in the same way as the loads at first yielding. 


(4) Final failure of Bridges M45-1 and M45-2 was by 
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crushing of the concrete on the top of the slab. Bridge M45-3 did 
not fail in this manner because it was relatively under-reinforced. 

(5) The final deflection of these bridges had a general 
dish-shaped character. 

(6) The major cracks in the slab extended in a direction 
perpendicular to the theoretically weakest direction. In Bridges 
M45-1 and M45-3, having skewed spanwise steel, the effectiveness 
of the reinforcement is especially low in the direction of a line 
bisecting the obtuse angle between the spanwise and transverse 
steel, and therefore fairly prominent cracks were developed 
normal to this direction. In Bridge M45-2, having reinforcement 
at right angles, the major cracks extended in the two directions 
making angles of 45 deg with the directions of the reinforcement. 


For the 60-deg skew bridge: 

(7) Initial failure was by yielding of the top transverse 
slab reinforcement in the obtuse corner of the bridge at a load 
equal to DL + 6.5LL. This extremely high capacity is indicative 
of over-design, and may be due in part to the fact that the 
compressive strength of the concrete in this bridge at the time 
of the capacity test was 3960 p.s.i. (according to tests of 6 by 
12 in. cylinders at 146 days), while the structure was designed 
for an allowable compressive stress of only 1000 p.s.i. Another 
factor which may have contributed to the unusually high 
capacity of Bridge M60-1 is that the structure tested was only 
a fifth-scale model. 

(8) Initial yielding near the obtuse corner caused a transfer 
of moment and consequent increase in rate of strain in the 
bottom transverse and spanwise reinforcement near the middle 
of the bridge. 

(9) Yielding of the spanwise reinforcement at the center 
of the slab did not occur until a load of DL + 7.5LL was reached. 

(10) The ultimate capacity of the bridge was reached at 
a load of DL + 9.5LL, when crushing of the concrete occurred 
on the top of the curb near one axle load, and at the bearing of 
the obtuse corner on the pier. 

(11) The deflection of this bridge at failure was noticeably 
saddle-shaped. 

(12) The major cracks on the bottom of the slab extended 
in a direction almost perpendicular to the curbs, while the 
major cracks on the top of the slab extended in the direction 
of a line connecting the obtuse corners of the bridge. 
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27. Conclusions 


It is believed that the following more or less general con- 
clusions are justified on the basis of the test results presented in 
this bulletin: 

(a) Tests on both cracked and uncracked structures in- 
dicated that the theory presented in Bulletin 369 gives a reason- 
ably good qualitative picture of the behavior of the skew slab 
bridge with curbs. That is, the theory was found to predict, 
with fair accuracy, the location and direction of the maximum 
strains, as well as the load positions for which these strains 
were critical. 

(b) The agreement between measured and computed strains 
in the reinforcement in the live load tests on the cracked struc- 
tures was as good as is customarily found in tests of reinforced 
concrete. Much of the discrepancy was due to the erroneous 
assumptions made in computing strains from moments, and not 
to errors in the moments themselves. 

(c) The greater effectiveness of spanwise reinforcement 
extending in the direction normal to the supports as compared to 
similar reinforcement placed parallel to the curbs was clearly 
demonstrated in the tests of the 45-deg skew bridges. On the 
basis of these tests, it may be concluded that the effectiveness 
of such reinforcement can properly be considered equal to the 
cosine squared of the angle between the reinforcement and the 
direction of the principal moment. For angles of skew less than 
45 deg, the direction of the maximum principal moment is 
normal to the supports. 


(d) The behavior of the bridge with 60-deg skew was 
different from that of the 45-deg skew bridges, chiefly because of 
the saddle-shaped deflection of the slab on the bridge with large 
skew. In general, however, the behavior of this bridge was 
adequately predicted by the analysis, although in the regions 
near the obtuse corners the analysis is not entirely reliable. The 
chief lesson learned from the tests on the 60-deg skew bridge 
is the need for adequate reinforcement in the top of the slab 
and curb near an obtuse corner. 

(e) The design of the slabs of the 45-deg skew bridges, 
based on the moments in the comparable right bridge', may be 
considered satisfactory in the light of the results reported herein. 


1A comparable right bridge is one which has span length, roadway width, slab thick-. 
ness, and curb detail identical to those of the skew bridge, the span length in both bridges 
being measured normal to the supports. 


